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Abstract

Up until now there has been limited, contradictive data on the high energy range of the cosmic ray electron-positron,
proton and helium spectra. Due to the limitations of the use of a magnetic spectrometer, over 8 years experimental data
was processed using information from a sampling electro-magnetic calorimeter, a neutron detector and scintillator
detectors. The use of these devices allowed us to successfully obtain the high energy cosmic ray particle spectra
measurements. The results of this study clarify previous findings and greaten our understanding of the origin of
cosmic rays.
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1. Introduction astrophysics. Cosmic ray electrons with energy more
than 10 GeV carry important information about their
origin and propagation through interstellar space. The

Study of high energy cosmic ray particles in satel- . .
energy spectra of cosmic ray electrons is known to be

lite experiments is one of the main tasks in modern
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affected by the inverse inverse Compton effect, syn-
chrotron emission and possible dark matter particles.
During propagation the time of energy losses for 1 TeV
electron is about 10° years corresponding to 1 kps. Due
to these significant energy losses the electrons are not
able to cover distant areas from their sources. The direct
measurement of positron and electron spectra in cosmic
ray with satellites in space should help to improve ex-
istent models as well as create a new one that describes
the processes of electron-positron generation and prop-
agation. Today just 3 satellites are taking measurements
of electron-positron fluxes - they are Fermi [1], AMS-
02 [2] and PAMELA [3]. In ground based experiments
(HESS [4], Kabayashi et al. [5]) the abrupt falling
or cutoff in the electron-positron spectrum have been
demonstrated at energies higher than few hundred GeV.
But resent satellite experiments Fermi [6] and AMS-02
[7, 8] do not show this behaviour.

Up to now experimental results of proton and helium
energy spectra measurements agree that proton and he-
lium spectrum slopes are different [9, 10, 11, 12, 13, 14],
that became more obvious in TeV region, but different
experiments disagree in the value of this difference. Re-
gardless of the value of the difference, the nature of such
a difference remains unknown.

The use of a calorimeter would extend the measured
energy range in the PAMELA experiment. Thus allow-
ing for the clarification of previous studies.

2. The PAMELA experiment

The PAMELA experiment was put into space on
board of the Resurs DK1 satellite from the Baikonur
Cosmodrome on June 2006. It was designed to study
the composition and energy spectra of cosmic ray par-
ticles in a wide energy range in near-Earth space. The
PAMELA instrument (a total mass is 470 kg) consists of
several specialized detectors as shown in Fig.1: a per-
manent magnet equipped with the silicon tracking sys-
tem, a time of flight (ToF) system made of three dou-
ble planes, anticoincidence counters, a neutron detector
(ND), a bottom shower scintillator detector and a tung-
sten/silicon sampling electromagnetic calorimeter.

The sensitive elements in the ND [15] are the He?
neutron counters 18.5 mm in diameter and 200 mm sen-
sitive length. The counters recording neutrons by a reac-
tion He? + n — H? + p are mainly sensitive to the ther-
mal neutrons (cross section more than 5000 barns). Two
layers of 18 counters (36 pieces in total) are placed into
the polyethylene moderator. One polyethylene block 2
g/cm? thick is above the upper layer of counters, simi-
lar block is between the upper and the bottom layer of
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Figure 1: The PAMELA instrument.

counters, and 6 g/cm? of polyethylene are beneath. The
Cd shield 0.5 mm in thickness envelopes the ND from
the bottom and the sides. The ND is mounted under the
S4 scintillator.

The total calorimeter [16] thickness is 16.3 ra-
diation lengths and 0.6 nuclear interaction length.
The calorimeter is composed of 44 silicon layers
(SSD)interleaved by 22 tungsten plates with a thickness
of 0.26 cm thick. Each silicon plane is 380um thick and
segmented in 96 strips with a pitch of 2.4 mm. 22 planes
are used for the X view and 22 for the Y view in order to
provide topological and energetic information about the
showers produced inside the calorimeter. The ToF sys-
tem [17] comprises six layers of fast plastic scintillators
arranged in three planes (S1, S2 and S3). Each detector
layer is segmented into strips, placed in alternate layers
orthogonal to each other. The distance between S1 and
S3is77.3 cm.

The magnetic spectrometer allows the energy of in-
cident protons and helium nuclei to be precisely mea-
sured up to about 1 TeV/nucleon while the energy of
electrons up to 600 GeV. However, the measurements
of the spectra can be extended to higher energies by us-
ing the calorimeter information.

3. The method for electron-positron spectrum mea-
surement

The electron-proton separation method for the
calorimeter depends on an incident angle. It has been
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chosen to select just particles that cross the calorimeter
straight down with a small deviation angle. It provides
a better energy resolution and suppresses a proton back-
ground more efficiently due to the fact that the major
fraction of a shower is contained inside the calorime-
ter. The main part of these particles came within the
main aperture while another part penetrates through the
magnetic system (the magnet and its surrounding elec-
tronics). If a particle generates the shower inside the
magnet (it is rather thick in terms of nuclei lengths and
all electrons in case of crossing it generate showers) the
calorimeter registers only a part of the shower. In the
latter such particles have to be excluded from further
consideration (see below).

The presented method is based on the GEANT3 sim-
ulation code that has been adapted to PAMELA detec-
tors. The GEANT3 simulation has been used to esti-
mate the values of parameters corresponding to protons
and electrons.

The first step as the basic cut was the threshold for a
total energy release inside the calorimeter - Etot. Such
criterion allows the extraction of the events correspond-
ing to the high energy particles generating the shower
inside the calorimeter. The certain amount of energy
release does not correspond to the same values of pri-
mary energies for protons, electrons and nuclei. The
certain energy release could correspond to certain val-
ues of electron energy or few times higher proton energy
as well. Thus it is sufficient to notice here that proton
events have been simulated in the wide energy range up
to 15 TeV as these energy protons still contribute to the
contamination of 300-3000 GeV electrons.

A shower axis reconstruction procedure, which de-
fines the primary particle direction inside the calorime-
ter, is a crucial stage of the electron-proton separation
method. In this method all parameters used are closely
related to the shower axis. Therefore the next selection
criterion was the sampling of events that had a easily
recognisable track inside the calorimeter. Otherwise if
there were no tracks the events were discarded. Most
likely is that the last type of events has been generated
by particle interaction with the Pamela magnet system
or with the structure of the satellite and these primary
particles have not penetrated the calorimeter. The direc-
tion reconstruction algorithm consists of multi-step res-
olution of a shower axis equation. The precise descrip-
tion of the procedure can be located at [18]. The param-
eter RMS (root mean square) associated with a lateral
development of the shower. RMS represents the root-
mean-square deviation of energy release at some dis-
tances from energy release directly at the shower axis.
RMS indicates the transversal density of the shower in-
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Figure 2: The distribution of RMS deviations for the second subset of
the calorimeter planes. The simulation data.

side the calorimeter and is defined by:

i c\2
L Ef(Xi = Xp)

RMS? = - ST , (1)
- l

where 1 - the number of the calorimeter plane, i - the
plane strip number, E - the energy release, X - the
shower axis coordinate, X - the strip coordinate. The
value of RMS depends on the shower shape in the cer-
tain calorimeter. In the case of the PAMELA calorime-
ter, E; has to be squared, which corresponds to the sim-
ulation results of the electromagnetic interaction inside
the PAMELA calorimeter. This criterion was applied
in the ATIC balloon borne experiment, where it became
the basis of the procedure of electron separation from
protons [19].

However, the RMS criterion appear to be inefficient
for the first planes of the PAMELA calorimeter. For
a significant fraction of particles, the shower genera-
tion begins in these planes, so an electromagnetic cas-
cade is not developed fully. This conclusion is valid for
the first ten planes of 44. In the case of shower gen-
eration in the first planes of the calorimeter, the set of
the remaining planes was broken down into three sub-
sets corresponding to different parts of the electromag-
netic shower. These subsets include planes from the
11th to the 20th (increment of shower), the 21st to 30th
(shower-development maximum) and the 31st to 44th
(decrement of shower), respectively. Figure 2 shows the
proton and electron distribution of RMS deviations for
the second subset of planes with the energy deposition
values corresponding to electron energy ranges 600-900
GeV.

The longitudinal development of the shower is also
important to separate electrons from protons. A lon-
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Figure 3: The longitudinal RMS distribution. The simulation data.
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Figure 4: The distribution of ratio E,/E,;, where E, - the energy
release along the shower axis for plane 2, E,; - the energy release in
plane 2. The simulation data.

gitudinal RMS calculation is similar to the lateral one.
The strips are changed on the planes while the summa-
tion is done within the whole calorimeter with a similar
equation. The longitudinal RMS distributions for pro-
tons and electrons are shown in fig 3.

Energy release along the shower axis is another sep-
aration criterion. According to Molier shower devel-
opment theory, 90 % of the shower energy is concen-
trated within 1 Molier radius around the shower axis.
This parameter has been used for different planes of the
calorimeter. The distribution of this parameter for plane
2 for electron energy ranges 600-900 GeV is shown in
fig 4. A double peak can be seen in the electron dis-
tribution. The left peak corresponds to particles that
generate the shower somewhere above the calorimeter
(mentioned above). So by installing a special threshold
for energy release along the shower axis it is possible

not only to cut a part of protons but to reject electrons
from the left peak as well.

The figures 2,3,4 allow the conclusion that the final
samples of the selected events are not pure electrons.
It means that if one would like to reconstruct the real
electron spectrum it is important to estimate the pro-
ton background in each energy bin in the electron spec-
trum. It has been done by using the proton spectrum
that had been measured in PAMELA experiment by the
calorimeter (see [9]).

With this spectrum the amount of protons N in each
electron spectrum bin has been calculated according to
the formula:

Ey
Ny(E1 + E>) = f F(E)Ge(E)AtdE, 2)

E,

where E; and E; the minimum and maximum electron
energies in the bin, respectively, F(E) energy spectrum
according to [9], G is geometric factor, £(E) is the rela-
tive number of survived proton obtained from GEANT3
simulation, At is exposure.

Unfortunately at high energies in the last two bins
that cover energy range 900-3000 GeV the fraction of
protons is too high to make it possible to achieve reli-
able results for the electron spectrum. For these bins the
ND data has been used additionally. On fig 5 one can
see the neutron distributions for electron energy ranges
600-900 GeV. The number of the neutrons equal to 8
has been chosen to separate two areas: 1) the mixture of
electron and protons (less than 8 neutrons) and 2) only
protons (more than 8 neutrons). However at the range
1500-3000 GeV due to the lack of a statistic it was pos-
sible just to install an upper limit for the electron spec-
trum.
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Figure 5: The neutron number distributions.The experimental data.
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Figure 6: The obtained electron-positron spectrum in compare with
direct measurements.
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Figure 7: The obtained electron-positron spectrum in compare with
ground-based measurements.

The total amount of electrons has been calculated in
each energy bin after subtraction of the proton back-
ground. The events have been taken for a time period
covered 2009-2013 years in the experimental data set.
To calculate the electron energy spectrum the number
of selected events has to be divided by an exposure that
was equal to 116006101,7 s. In the end a nuclei con-
tamination has been estimated by using the scintilla-
tor detectors of the ToF system. Among these events
no particle with the a charge of more than 1 has been
found. Therefore one can make a conclusion that se-
lected events do not contain a significant nuclei contri-
bution. Thereby the helium contamination could be ne-
glected. The geometric factor was calculated within a
wide aperture by GEANT3 code. The energy of elec-
trons was obtained by measurements of total energy re-
leased inside the calorimeter.

4. The results of electron-proton spectrum measure-
ments

The presented results are compared with spectra from
the other experiments: ATIC-2 [20], AMS-02 [7], Fermi
[6], the single electron spectrum obtained with the mag-
netic spectrometer of the PAMELA instrument [21] on
fig 6 and with HESS[4], Magic[22] and Kobayashi[5]
on fig 7.

The error bars include only statistical uncertainties.
The last point indicates an upper limit for 1500-3000
GeV measurements. If one takes into account the en-
ergy measurement uncertainty of 15 % in HESS results
then a conclusion is that the PAMELA results corre-
spond more to ground based measurements HESS and
Kobayashi than satellite ones - AMS-02 and Fermi.
PAMELA results demonstrate a clear spectrum fall after
few hundred GeV while it looks like another two satel-
lite measurements do not show any significant decline
with energy increasing.

5. The method for proton and helium spectra mea-
surement

The method for proton and helium spectra measure-
ments is similar to the previous one [9]. However the
main stress was made for energies more than 1 TeV to
increase statistics at these energies as much as possible.
As such energies were considered the special selection
cut for electrons was no longer needed. Indeed, accord-
ing to the Monte-Carlo simulation after 1 TeV energy
the contribution of electrons to protons is negligible.
The events were collected in a wide aperture as it was
allowed by size of ToF system scintillator detectors. All
together along with the doubling exposure time allowed
to increase statistics for protons by 5 times.

The helium nuclei were distinguished according to
the charge which was measured by ionization losses in
scintillators. So for helium, the problem of electron sup-
pression does not exist. The statistic was increased by 3
times, due two remaining factors. Nevertheless the new
measurements at higher energies up to 10 TeV/nuclon
within two last bins were achieved.

6. The results of proton and helium spectra mea-
surements

The presented results are compared with spectra from
the other experiments: ATIC-2 [11], AMS-02 [13, 14] -
fig 8., CREAM [12] and the spectrum measured with the
magnetic spectrometer of the PAMELA instrument [10]
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on fig 9. The error bars include only statistical uncer-
tainties. The results of this study are in general agree-
ment with others. Nevertheless the PAMELA calorime-
ter data are systematically higher. Thus it is proved
that spectra of protons and helium nuclei have different
slope indexes throughout the entire energy range, but
at high-energies the difference becomes less significant.
The spectrum increase of helium nuclei in the magnetic
spectrometer PAMELA data more corresponds to re-
sults obtained by using the PAMELA calorimeter than
the results of the AMS-02.

7. Conclusion

Due to the use of the calorimeter in assistance with
scintillators and ND defectors the high energy range
was achieved in the measurements of the electron-
positron, proton and helium spectra. The results of mea-
surements of the electron-positron spectrum demon-
strate the fall after 300 GeV that corresponds to the
ground based cherenkov and emulsion chamber exper-
iments while the other satellite measurements do not
demonstrate a clear cutoff at these energies.

The increased statistics allowed the energies, which
were not available before in direct measurements of cos-
mic ray helium spectrum, to be reached.The difference
between the slope of proton spectrum and the one of the
helium spectrum was confirmed as well as the change
of helium slope spectrum index in the 100-10 TeV/n re-
gion. All of this finding helps with new understanding
of the processes of acceleration and prorogation of pri-
mary cosmic rays in the Galaxy.

We are grateful to the Russian Science Foundation
grant (14-12-00373) and the President of the Russian
Federation (grant MK-4599.2014.2) for support.
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